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BACKGROUND: Humans are exposed to complex mixtures of phthalate chemicals from a range of consumer products. Previous studies have reported
significant associations between individual phthalate metabolites and pregnancy outcomes, but mixtures research is limited.

OBJECTIVES: We used the Puerto Rico Testsite for Exploring Contamination Threats longitudinal pregnancy cohort to investigate associations
between phthalate metabolite mixtures and pregnancy outcomes.

METHODS: Women (n =462 carrying females, n =540 carrying males) provided up to three urine samples throughout gestation (median 18, 22, and
26 wk), which were analyzed for 13 phthalate metabolites. Pregnancy outcomes including preterm birth (PTB), spontaneous PTB, small and large for
gestational age (SGA, LGA), birth weight z-score, and gestational age at delivery were abstracted from medical records. Environmental risk scores
(ERS) were calculated as a weighted linear combination of the phthalates from ridge regression and adaptive elastic net, which are variable selection
methods to handle correlated predictors. Birth outcomes were regressed on continuous ERS. We assessed gestational average and visit-specific ERS
and stratified all analyses by fetal sex. Finally, we used Bayesian kernel machine regression (BKMR) to explore nonlinear associations and interac-
tions between metabolites.

REsuLTS: Differences in metabolite weights from ridge and elastic net were apparent between birth outcomes and between fetal sexes. An interquar-
tile range increase in gestational average phthalate ERS was associated with increased odds of PTB [male oddsratio (OR)=1.56; 95% confidence
interval (CI): 1.08, 2.27; female OR =1.91; 95% CI: 1.23, 2.98], spontaneous PTB (male OR =2.32; 95% CI: 1.46, 3.68; female OR =2.00; 95% CI:
1.04, 3.82), and reduced gestational age at birth (male B= —0.39 wk, 95% CL: —0.62, —0.15; female = —0.29 wk, 95% CI. —0.52, —0.05).
Analyses by study visit suggested that exposure at ~22 wk (range 20-24 wk) was driving those associations. Bivariate plots from BKMR analysis
revealed some nonlinear associations and metabolite interactions that were different between fetal sexes.

Discussion: These results suggest that exposure to phthalate mixtures was associated with increased risk of early delivery and highlight the need to
study mixtures by fetal sex. We also identified various metabolites displaying nonlinear relationships with measures of birth weight. https://doi.org/

10.1289/EHP8990

Introduction

Preterm birth (PTB) is a major public health problem in the
United States, where the rate of PTB is higher than that in most
other developed nations.' Of the 7.6 million children who died
before the age of 5y in 2010 worldwide, 14% died from compli-
cations of preterm birth.” Being born preterm increases the risk
of future morbidities including neurological impairments,” vision
and hearing loss,* cerebral palsy,” attention deficit disorder,” and
asthma.® The etiology of preterm birth, as well as other adverse
birth outcomes, is not well understood, but exposures to environ-
mental contaminants may play an important role as demonstrated
in a review by Ferguson et al.” We believe that a better under-
standing of the environmental risk factors for adverse birth out-
comes will help in the development of targeted intervention and
prevention strategies, particularly among at-risk populations,
such as pregnant women and those living in areas burdened by
high environmental contamination.
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Phthalates are a class of synthetic plasticizers commonly used in
the manufacture of consumer products.®® High molecular weight
phthalates are most commonly used in flexible plastic contained in
flooring, food storage containers, and medical equipment.10
Conversely, low molecular weight phthalates are used in personal
care products, including shampoos, lotions, and fragrances, as well
as in lacquers and varnishes.'” Because of their different exposure
sources, high molecular weight phthalate exposure typically occurs
via ingestion, whereas low molecular weight phthalate exposure
comes mostly from inhalation and dermal absorption.'" Phthalates
are not covalently bound to the products they are used in and can
easily leach into the environment; thus their widespread use results
in ubiquitous human exposure to diverse mixtures of phthalate com-
pounds.12 Case—control studies have shown phthalate metabolite
concentrations measured throughout pregnancy to be significantly
higher among women experiencing preterm birth'*'* and spontane-
ous abortion.'>'® Other studies have shown inconsistent relation-
ships between gestational phthalate exposure and measures of fetal
growth and development including birth weight,'”'® birth length,"”
head circumference'”'*2° and femur length,lg’20 as well as gesta-
tional age.'”-'®2°

The pathways by which phthalates may adversely affect preg-
nancy are not fully understood. Our previous work has shown signif-
icant associations between increased exposure to phthalates during
pregnancy and various thyroid and reproductive hormones,>' as
well as biomarkers of oxidative stress,zz‘23 inﬂammation,22’24’25 and
lipid metabolism,”> which are all important for maintaining a
healthy pregnancy. Phthalates may exert deleterious effects on preg-
nancy through disruption of these physiological processes.

The epidemiology literature implicating phthalate exposures in
the occurrence of adverse birth outcomes has grown in recent years,
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but few studies have assessed mixtures of phthalate metabolites in
relation to birth outcomes,?®?” and differences in statistical meth-
ods, exposure distributions, underlying cohort characteristics, and
study exclusion criteria make it difficult to draw aggregate conclu-
sions from these studies. Animal studies have shown that exposures
to phthalate mixtures representative of human exposure resulted in
transgenerational reproductive effects in female mice, including
altered uterine morphology, cystic ovaries, and fertility complica-
tions.®* To our knowledge, regulatory bodies tend to rely on sin-
gle pollutant associations with health outcomes for developing
policy, which does not reflect a realistic body burden of phthalates
among the general population. Therefore, it is critically important to
assess the effects of complex phthalate mixtures on adverse birth
outcomes to truly understand the health risks they pose.

The aim of this study was to evaluate the associations between
mixtures of phthalate metabolites and adverse birth outcomes relat-
ing to gestational age at birth and birth weight among pregnant
women in Puerto Rico. Associations between single phthalate
metabolites and preterm birth, spontaneous preterm birth, and ges-
tational age in a similar subset of the Puerto Rico Testsite for
Exploring Contamination Threats (PROTECT) cohort have been
described previously.30 Various previous studies have observed
greater risk of delivering preterm male babies than female
babies,*'** so we also aimed to explore differences in these associ-
ations based on fetal sex, which was not assessed in the previous
analysis. We also assessed differences in associations by timing of
exposure assessment. Finally, we sought to investigate potential
nonlinear associations and interactions between phthalate metabo-
lites within the mixture.

Methods

Study Population

We used data from the PROTECT cohort, a longitudinal birth
cohort in the northern karst region of Puerto Rico, for the present
analysis. PROTECT was originally conceptualized to investigate
environmental contaminants in relation to adverse pregnancy out-
comes. Details of the study design and recruitment protocols have
been previously described.* Briefly, women were recruited from
2011 to 2019 at 14 +2 wk gestation and were excluded from the
study if they were younger than 18 y or older than 40 y old, partici-
pated in their first clinic visit after their 20th week of pregnancy,34
had taken oral contraceptives within 3 months of becoming preg-
nant, had used in vitro fertilization to become pregnant, or had pre-
existing medical or obstetric conditions. Demographics and other
relevant health information was collected from questionnaires
administered at the first study visit. Initially, there were 1,262
women with complete phthalate and specific gravity data across
the study (1,082 complete at visit 1; 1,004 complete at visit 2; and
813 complete at visit 3). Of those, 1,011 women also provided data
on at least one birth outcome, and nine of those women were miss-
ing data on fetal sex due to delays in data abstraction from medical
records (schematic of sample sizes is shown in Figure S1).

This study was approved by the research and ethics commit-
tees of the University of Michigan School of Public Health,
University of Puerto Rico, Northeastern University, and partici-
pating hospitals and clinics. All methods reported in this study
were performed in accordance with relevant guidelines and regu-
lations imposed by those institutions. All study participants pro-
vided full informed consent prior to participation.

Phthalate Exposure Assessment

All spot urine samples were frozen at —80°C and shipped over
night on dry ice to the U.S. Centers for Disease Control and
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Prevention (U.S. CDC) for analysis. Samples were collected
from participants at 16-20, 20-24, and 24-28 wk gestation.
Urine was collected into polypropylene containers and aliquoted
at the University of Puerto Rico before overnight shipment to the
U.S. CDC at —80°C. Samples were analyzed using solid phase
extraction high-performance liquid chromatography-isotope
dilution tandem mass spectrometry, described in more detail else-
where.?>*® All analytical runs included reagent blanks, calibra-
tion standards, and low- and high-concentration quality control
materials. Nine different batches of samples were run on a rolling
basis as they were collected. Samples in batches 1-6 were ana-
lyzed for 11 phthalate metabolites: mono(2-ethlhexyl) phthalate
(MEHP), mono(2-ethyl-5-hydroxyhexyl) phthalate (MEHHP),
mono(2-ethyl-5-oxohexyl) phthalate (MEOHP), mono(2-ethyl-5-
carboxypentyl) phthalate (MECPP), monoethyl phthalate (MEP),
mono-n-butyl phthalate (MBP), monobenzyl phthalate (MBzP),
monoisobutyl phthalate (MiBP), mono(3-carboxypropyl) phthal-
ate (MCPP), monocarboxynony! phthalate (MCNP), and mono-
carboxyoctyl phthalate (MCOP). Monohydroxybutyl phthalate
(MHBP) and monohydroxyisobutyl phthalate (MHiBP) were
added to the analytical panel beginning in batch 7. Values
detected below the limit of detection (LOD) were assigned a
value of the LOD divided by the square root of 2,*” and LODs
differed between batches.

Birth Outcome Assessment

Based on recommendations from the American College of
Obstetricians and Gynecologists,*® self-reported date of the last
menstrual period (LMP) and early ultrasound measurements were
used to determine gestational age at birth. Briefly, the LMP was
used as the gold standard and was compared to ultrasound meas-
urements taken primarily before 14 wk gestation. Gestational age
was changed from the LMP estimate to the ultrasound estimate if
the difference between the two methods was >5 d for ultrasounds
conducted before 9 wk gestation, or >7 d for ultrasounds con-
ducted before 14 wk gestation. Estimates were changed from the
LMP to the ultrasound method for 11% of the participants
included in the present study (n=111). PTB was defined as
delivery before 37 wk gestation. We also assessed the spontane-
ous subtype of PTB, defined as PTB presenting with premature
rupture of membranes, spontaneous preterm labor, or both.** We
calculated birth weight z-scores based on fetal sex and gestational
age using widely accepted international standards.*® Those born
with a birth weight <10th percentile and >90th percentile were
considered small for gestational age (SGA) and large for gesta-
tional age (LGA), respectively.

Associations with individual phthalate metabolites. Single
pollutant associations with birth outcomes were assessed using
linear and logistic regression models adjusted for maternal age
and education, plus prepregnancy body mass index (BMI) for
birth weight z-score models. Rather than stratifying the data, fetal
sex-specific estimates were determined using phthalate interac-
tion terms with sex indicator variables in statistical models.
Models were run using gestational average phthalate concentra-
tions and visit-specific phthalate concentrations.

Selection of Phthalate Predictors

Adaptive elastic net (adENET) was used to determine the subsets
of phthalate metabolites within the mixture that were most pre-
dictive of individual birth outcomes. In addition, adENET func-
tions as a variable selection tool with correlated predictors by
employing two tuning parameters—lambda 1 and lambda 2
attached with two types of penalty. Although lambda 1 shrinks
the coefficients of unimportant predictors exactly to zero, lambda
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2 stabilizes selection in the presence of highly correlated predic-
tors. The latter is particularly important in this application
because many phthalate metabolites are highly correlated, espe-
cially those coming from the same parent compound. Five-fold
cross-validation and optimization of cross-validated prediction
errors were used to estimate lambda 1 and lambda 2 using the R
package gcdnet. As a final output, adENET returns a vector of
coefficients, which are weighted by their associated regression
coefficients from a model with the outcome of interest, accompa-
nied with large-sample confidence intervals.adENET variable
selection is conditional, meaning that one predictor being
selected into the model is wholly dependent on which other pre-
dictors have been selected into or dropped out of the model.
Because of this conditional variable selection, predictor selec-
tions by adENET can be unstable. To remedy this, we supple-
mented our variable selection methods with ridge regression.
Ridge is similar to adENET in that it stabilizes selection in the
presence of highly correlated predictors, but it uses only one tun-
ing parameter to shrink unimportant predictors toward zero (but
never to exact zero) and thus provides more stable variable selec-
tion than adENET. Five-fold cross-validation and optimization of
prediction errors were used to estimate the tuning parameter.
adENET and ridge regression analyses were first conducted with
geometric mean phthalate concentrations measured at up to three
study visits. Before averaging, phthalate concentrations at each
visit were first corrected for specific gravity at that visit using the
formula:

_ _[SG,,,—I]
P.=P|— |,
SG -1

where P, is the SG-adjusted average phthalate concentration, P
is the uncorrected average phthalate concentration, SG,, is the
population median of the gestational average specific gravity con-
centrations (equal to 1.019 here), and SG is the gestational aver-
age specific gravity concentration.'? Specific gravity correction
was done at each study visit to account for urinary dilution at the
time of sample collection. Specific gravity was measured using a
digital handheld refractometer (ATAGO Co., Ltd.) at the time of
urine sample aliquoting. To take advantage of the repeated expo-
sure measurements in our cohort, adENET and ridge regression
analyses were also conducted separately for each study visit to
assess potential windows of susceptibility, for which models
were adjusted for specific gravity as an unpenalized covariate
rather than using corrected phthalate concentrations. All phthalate
metabolite concentrations were natural logarithm transformed.
Analyses were conducted separately for each birth outcome and
for women carrying male vs. female fetuses. We explored various
possible confounders: maternal age, education level, marital sta-
tus, employment status, annual household income, smoking sta-
tus, exposure to environmental tobacco smoke, alcohol use,
parity, and prepregnancy BMI. Covariates were added into the
model in a forward stepwise manner; Akaike information crite-
rion and change in the main effect estimate by more than 10%
were used to arrive at final statistical models, which included
maternal age, maternal education, and specific gravity as unpen-
alized covariates. Models assessing birth weight z-score also
included maternal prepregnancy BMI, resulting in a lower sample
size for these models because of incomplete data on prepreg-
nancy BMI. adENET was conducted using the gcdnet package in
R (version 3.5.1; R Development Core Team).

Prediction of Birth Outcomes

Coefficients derived from adENET and ridge regression were
separately multiplied by each study participant’s matrix of
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observed phthalate metabolite concentrations to give weighted
concentrations of each metabolite for every individual. Weighted
concentrations were then summed across metabolites to arrive at
the individual’s environmental risk score (ERS), which represents
a weighted sum of their exposure to the mixture of phthalate
metabolites. The ERS has previously been validated as a promis-
ing tool for assessing cumulative disease risk from exposure to
chemical mixtures.*"** Gestational average ERS were calculated
using coefficients from the average adENET/ridge analysis, and
visit-specific ERS were calculated using coefficients from
adENET/ridge at each study visit. When the association between
increased phthalate exposure and the outcome was expected to be
inverse, based on single pollutant associations and assigned
metabolite weights, ERS were multiplied by —1 to reflect its
interpretation as conferring risk of having the outcome. The ERS
were then used as continuous exposure variables in multiple lin-
ear (for continuous outcomes) and logistic (for binary outcomes)
regression, with effect estimates representing the unit change in,
or odds of, the outcome with an interquartile range increase in
ERS. All models were adjusted for maternal age and education
level, and models for birth weight z-score also were adjusted for
maternal prepregnancy BMI, based on a priori knowledge.
Samples for models including prepregnancy BMI were smaller
due to delays in medical record data abstraction. Models with
visit-specific ERS further adjusted for specific gravity. Models
with average ERS did not adjust for specific gravity because cor-
rection was implemented in the adENET analysis. Annotated R
code for conduction adENET and ridge regression and subse-
quent creation and modeling of ERS can be found in the supple-
mentary materials. The significance level was set to o0 =0.05.

Bayesian Kernel Machine Regression

We used Bayesian kernel machine regression (BKMR) to explore
the possibility of interactions between phthalate metabolites
within the mixture. BKMR uses a kernel function to flexibly
model relationships between a response variable and multiple
predictors. It is a particularly useful tool for visualizing nonlinear
interactions between predictors in the chemical mixture.*> We
conducted all BKMR analyses using gestational average values
of phthalate exposure. Metabolites included in models were cho-
sen based on selections from adENET rather than including all
13 metabolites for model simplicity and ease of interpretability.
Hierarchical models were used when highly correlated metabo-
lites were included in the same model. Thus, adENET provides
the first level of predictor selection, and then BKMR further
interrogates selections made by adENET and explores possible
nonlinear interactions between predictors. To ensure model con-
vergence and adequate acceptance rates for predictor variables,
we ran 10,000 iterations and set the tuning parameters r.jumpl
and r.jump2 to 1 and 0.1, corresponding to the standard devia-
tions of the proposal distributions in the switching and refinement
steps of variable selection, respectively. Posterior inclusion prob-
abilities (PIPs) for each predictor variable were calculated as a
measure of variable importance. In cases where hierarchical mod-
els were implemented, the group PIP indicates the importance of
that exposure group, and cond.PIP indicates the importance of
each predictor within that group for determining the group-level
importance.

Results

There were 1,325 mothers (620 female fetuses and 686 male
fetuses) in the larger PROTECT cohort with full covariate infor-
mation and data on at least one phthalate metabolite and one birth
outcome. Because adENET analysis requires full exposure data,
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the present analysis was conducted on a subset of these
PROTECT women (n=1,011) with full data on all 13 phthalate
metabolites. Birth characteristics and demographics information
are presented in Table 1. The median gestational age at birth was
39.3 wk [interquartile range (IQR): 1.79], and the median birth
weight z-score was 0.09 (IQR: 1.31). Preterm birth was observed
in 8.9% of women, spontaneous preterm birth in 7.1% of women,
SGA in 9.2% of women, and LGA in 11.0% of women.
Newborns were 46% female and 54% male. A similar imbalance
in the fetal sex distribution has been observed in past PROTECT
analyses,‘%o"m’45 but more mothers carrying a male fetus in the
present analysis had complete phthalate data, and thus more male
fetuses were included in the final sample than female fetuses. The
majority of women in the study were under the age of 30 y
(65.9%), had attained at least some college education (80.7%),
were employed (65.8%), lived in a home earning less than
$30,000 (61.1%), were either married or cohabitating (83.3%),
had never smoked (86.6%) or been exposed to environmental
tobacco smoke (91.5%), did not drink alcohol during pregnancy
(94.2%), had fewer than two previous children (85.7%), and had
a prepregnancy BMI of no more than 30 kg/m? (81.5%).

Distributions of phthalate metabolites, as well as the number
of samples below the limit of detection, are shown in Table S1.
Associations between single phthalate metabolites and birth out-
comes specific to this subset of the PROTECT cohort are shown
in Tables S2 (female fetuses) and S3 (male fetuses).

Ridge Regression and adENET Metabolite Selection

Gestational average metabolites that were selected as having a
nonnull effect on birth outcomes from ridge regression and
adENET, by fetal sex, are depicted in Figure 1. Corresponding
weights can be found in Tables S4 (ridge, females), S5 (ridge,
males), S6 (adENET, females), and S7 (adENET, males). Tables
for adENET weights also contain large sample 95% confidence
intervals (CI). Ridge regression gave weights low in magnitude
among female and male fetuses for preterm birth, with MHBP
being the strongest predictor among females (B=0.0317) and
MCNP (=0.0269) being the strongest predictor among males.
adENET selected only MBP and MHBP for preterm birth among
female fetuses [f=0.12 (95% CI. —0.35, 0.60) and B=0.13
(95% CI: —0.36, 0.62), respectively], whereas MEHP, MiBP, and
MCNP were selected among male fetuses [f= —0.01 (95% CIL:
—0.29, 0.28), =0.01 (95% CI: —0.23, 0.24), and B=0.03 (95%
CI: —0.30, 0.36), respectively].

Different results were found when the spontaneous subtype of
preterm birth was assessed. Ridge regression again gave weights
low in magnitude among female fetuses, with MCPP being the
strongest predictor (f=0.0132). In contrast, ridge regression
gave various stronger weights among male fetuses, with MEHP
(B= —0.173) and MCNP (B=0.2695) being the strongest pre-
dictors. Among female fetuses, adENET selected MHiBP
(B=0.16, 95% CI: —-0.28, 0.59), MCPP (B=0.15, 95% CI:
—-0.39, 0.69), and MCNP (f=0.03, 95% CIL. —-0.54, 0.60).
adENET selection of MCNP among males became much stronger
for spontaneous preterm birth (f=0.40, 95% CI. —0.05, 0.85)
relative to all preterm births, and other positive selections for
spontaneous PTB included MBP (=0.17, 95% CIL: -0.46,
0.79), MiBP (B=0.19, 95% CIL: —-0.51, 0.89), and MHiBP
(B=0.02, 95% CI: —0.68, 0.72). MEHP and MHBP were
selected as having inverse relationships with odds of spontaneous
preterm birth among male fetuses [B= —0.29 (95% CI: —0.69,
0.11) and B= —0.06 (95% CI. —0.68, 0.56), respectively]. Ridge
selections for gestational age among female fetuses were gener-
ally stronger than those for preterm and spontaneous preterm
birth, with MBzP (= —0.1011) and MHBP (B= —0.0861)
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Table 1. Maternal demographic and birth characteristics of 1,011 mothers in
Puerto Rico from 2011 to 2019.

Median (IQR)

Gestationals age at delivery (wk) 39.3(1.79)
Birth weight z-score 0.09 (1.31)
n (%)
Preterm Birth
Yes 89 (8.9%)
No 911 (90.1%)
Missing 11
Spontaneous preterm birth
Yes 52 (7.1%)
No 921 (92.9%)
Missing 38
Small for gestational age
Yes 89 (9.2%)
No 876 (90.8%)
Missing 46
Large for gestational age
Yes 106 (11%)
No 859 (89%)
Missing 46
Maternal age (y)
18-24 357 (35.3%)
25-29 309 (30.6%)
30-34 214 (21.2%)
35-41 131 (13.0%)
Missing 0
Maternal education
GED or less 195 (19.3%)
Some college 337 (33.3%)
Bachelor’s or higher 479 (47.4%)
Missing 0
Employment status
No 344 (34.2%)
Yes 662 (65.8%)
Missing 5
Annual household income (USD$)
<10,000 255 (28.4%)
10,000 < 30,000 293 (32.7%)
30,000 < 50,000 223 (24.9%)
>50,000 126 (14%)
Missing 114
Marital status
Single 168 (16.7%)
Married 553 (54.9%)
Cohabitating 286 (28.4%)
Missing 4
Smoking status
Never 873 (86.6%)
Ever 118 (11.7%)
Current 17 (1.7%)
Missing 3
Daily environmental tobacco smoke exposure
Never 848 (91.5%)
1 hor less 37 (4%)
>1h 42 (4.5%)
Missing 84
Alcohol use
Never 520 (51.6%)
Yes, before Pregnancy 429 (42.6%)
Yes, currently 58 (5.8%)
Missing 4
Number of previous children
0 327 (39.9%)
1 375 (45.8%)
2-5 117 (14.3%)
Missing 192
Prepregnancy BMI
BMI <25 515 (53.5%)
25 <BMI <30 269 (28%)
BMI >30 178 (18.5%)
Missing 49
Fetal sex
Female 462 (46%)
Male 540 (54%)
Missing 9
Note: BMI, body mass index; IQR, interquartile range.
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Figure 1. Heat maps depicting gestational average metabolite selections from (A) ridge regression, and (B) adaptive elastic net, between birth outcomes and by
fetal sex in the PROTECT cohort. Box color corresponds to the weight assigned to each metabolite from ridge or adENET. Corresponding numeric data can be
found in Tables S4-S7. Note: “The MCPP metabolite results from metabolism of multiple high molecular weight parent phthalates.
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contributing the strongest weights. In contrast, adENET selected
only MBzP, and its weight was close to zero (f= —0.06, 95%
CI: —0.25, 0.12). Ridge selections for gestational age among
males were similar to those for spontaneous preterm birth, with
MCNP B= —0.1691 and MBP (B = —0.1385) giving the strong-
est weights. All metabolites that were selected in adENET for
gestational age among male fetuses (MEHP, MCNP, MBP) were
also among the metabolites selected for spontaneous PTB, but
weights were weaker for gestational age [B=0.11 (95% CIL
—-0.16, 0.38), = —0.19 (95% CI: —0.50, 0.12), and B= —0.16
(95% CI: —0.40, 0.07), respectively]. Weights for SGA and most
weights for LGA from ridge regression and adENET were weak
among both female and male fetuses (|B| <0.06 for all selec-
tions). MBP among male fetuses was the only metabolite more
strongly selected for LGA (p=0.16, 95% CI: —0.13, 0.46) from
adENET. Ridge regression weights for birth weight z-score
among female fetuses were strongest and positive for MEHHP

(Bp=0.2418) and MHiBP (B =0.155), and strongest and negative
for MECPP (= —0.2077) and MHBP (= —0.2017). In con-
trast, the only nonzero weight from adENET was for MCOP
(B= —10.08, 95% CI: —0.22, 0.06). Birth weight z-score weights
from ridge regression among males were weak (|B]<0.03),
whereas adENET selected MBzP (= —0.06, 95% CI. —0.16,
0.05) and MBP (B=0.07, 95% CI: —0.06, 0.20).

Metabolite selections from ridge regression and adENET at
each study visit and by fetal sex are depicted in Figure 2.
Corresponding weights (and 95% CI for adENET) can be found
in Tables S3-S6. Weights from ridge regression for preterm birth
among female fetuses were strongest at the second study visit
and suggested that MHBP ( =0.1994) and MHiBP (B =0.1451)
were the strongest predictors of preterm birth. adENET also
selected MHBP ($=0.35, 95% CI. —0.04, 0.75) and MHiBP
(B=0.13, 95% CI: —0.25, 0.52) at the second study visit as the
strongest predictors of preterm birth. All weights from ridge
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Figure 2. Heat maps depicting repeated phthalate metabolite selections from (A) ridge regression, and (B) adaptive elastic net, between birth outcomes and by
fetal sex in the PROTECT cohort. Box color corresponds to the weight assigned to each metabolite from ridge or adENET. Corresponding numeric data can be
found in Tables S4-S7. Note: “The MCPP metabolite results from metabolism of multiple high molecular weight parent phthalates.
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regression for preterm birth among males were weak (|B| <0.03).
In contrast, adENET more strongly selected MCNP (=0.09,
95% CI. —0.18, 0.36), MBP ( =0.07, 95% CI: —0.18, 0.33), and
MiBP ($=0.08, 95% CI: —0.19, 0.34) at visit 2, and MCNP
(B=0.13,95% CI: —0.19, 0.45) at visit 3.

The strongest weights from ridge regression for spontaneous
preterm birth among females were MCNP (B=0.1137), MiBP
(B=0.1115), and MHiBP (B=0.1114) at the third study visit.
adENET also selected MiBP (3 =0.01, 95% CI: —0.25, 0.26) and
MHiBP ($<0.01, 95% CI: —0.27, 0.27) at the third study visit,
but selection weights were stronger at visit 2 [MiBP $=0.07
(95% CI: —0.75, 0.89), MHiBP $=0.14 (95% CIL: —0.71, 1.00),
MCNP B=0.05 (95% CI: —0.43, 0.53), MEP B=0.13 (95% CIL:
—0.12, 0.37), and MHBP $=0.10 (95% CI: —0.42, 0.63)]. Ridge
regression gave the strongest weights at the second study visit
for a similar set of metabolites (MCNP [B=0.1071, MiBP
B=0.1066, MHiBP B=0.1067) for spontaneous preterm birth
among males, and adENET also selected similar set of metabo-
lites at visit 2 [MCNP B=0.07 (95% CI: —0.32, 0.45), MCOP
B=0.07 (95% CIL: —0.22, 0.35), MBP B=0.03 (95% CL: —0.28,
0.35), MiBP B=0.10 (95% CI: —0.31, 0.50), MHiBP =0.10
(95% CI: —0.31, 0.51)]. adENET also showed strong selection of
MCNP at visit 3 (=0.32, 95% CI: —0.09, 0.74).

Visit-specific weights from ridge regression for gestational age
among female fetuses were strongest for MEHP (= — 0.0905)
and MHBP (B= —0.0844) at visit 2. adENET selected those
same metabolites at visit 2 [MEHP B= —0.06 (95% CI. —0.27,
0.16) and MHBP B= —0.08 (95% CI: —0.28, 0.13)], and also
selected MCPP at visit 1 (= —0.08, 95% CI: —0.27, 0.12) and
MBzP at visit 3 (B= —0.08, 95% CI: —0.21, 0.06). Ridge regres-
sion weights among male fetuses suggested that MCNP at visit 3
(B= —0.1503) was the strongest predictor of gestational age at
birth. adENET also selected MCNP at visit 3 (B= —0.19, 95%
CI: —0.44, 0.07) as the strongest predictor, and additionally
selected MEHP at visit 1 (=0.12, 95% CI: —0.10, 0.33) and
MCNP (= —0.13,95% CI: —0.35, 0.09) and MBP (= —0.12,
95% CI: —0.31, 0.07) at visit 2. Ridge regression weights for SGA

among female fetuses were strongest for MCPP (=0.0747),
MCOP (B =0.0665), and MHBP (= —0.0559) at visit 2, and
weight for metabolites selected in adENET were all relatively
weak (|B] <0.03). Ridge regression weights for SGA among males
were all weak (|B]<0.02), and adENET selected MEHP
(B= —0.15, 95% CI: —0.49, 0.19) and MBzP ($=0.08, 95% CIL
—0.16, 0.33) at visit 3 as the most important predictors. LGA
weights from ridge regression among females were weak
(IB| £0.02), and adENET selections were also mostly weak
(=0.11 £ B <0), with MCPP at visit 1 contributing the strongest
weight (B= —0.11, 95% CL: —0.34, 0.13). LGA weights from
ridge regression among males were also mostly weak (|B| <0.04),
and adENET selected MBzP at visit 2 as the strongest predictor
(B=0.14, 95% CI: —0.06, 0.35). Weights for birth weight z-score
across all three visits were weak among both male and female
fetuses from ridge regression (—0.032 < <0.038) and adENET
(—0.04 < B <0.03).

Prediction of Birth Outcomes with ERS

Phthalate ERS were used as exposure variables in linear and
logistic regression models to assess associations between expo-
sure to phthalate mixtures and adverse birth outcomes. Figure 3A
depicts these associations with ERS calculated from adENET,
and Figure 3B with ERS calculated from ridge regression,
between fetal sexes with an IQR increase in gestational average
phthalate ERS (corresponding effect estimates and 95% CI can be
found in Table S8). Significant positive associations with phthal-
ate ERS derived from adENET among both male and female
fetuses were similar for preterm [male odds ratio (OR) =1.56;
95% CI: 1.08, 2.27; female OR = 1.91; 95% CI: 1.23, 2.98] and
spontaneous preterm birth [male OR =2.32; 95% CI: 1.46, 3.68;
female OR =2.00; 95% CI: 1.04, 3.82]. These effect estimates
were larger in magnitude than single pollutant associations
(Tables S1-S2), though confidence intervals often overlapped.
For example, no individual averaged phthalates were significantly
associated with preterm birth among male fetuses, and an IQR
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Figure 3. Associations (points) and 95% CI (bars) from linear/logistic regression between an interquartile range increase in gestational average phthalate ERS
derived from (A) adaptive elastic net, or (B) ridge regression, and birth outcomes between male and female fetuses in the PROTECT cohort. Change in gesta-
tional age at birth is presented in weeks. Solid vertical lines indicate the null values. All models adjust for maternal age and education, and birth weight models
additionally adjust for maternal prepregnancy BMI. Corresponding numeric data can be found in Table S8. Note: BMI, body mass index; CI, confidence inter-

val; ERS, environmental risk scores.
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increase in average MHBP was associated with 1.80 times greater
odds of preterm birth among female fetuses (95% CI: 1.16, 2.80).

Associations between ERS derived from ridge regression and
preterm and spontaneous preterm birth were similar in magnitude
to those from adENET ERS among male and female fetuses, but
lower bounds of 95% CI were further from the null for preterm
birth among males. The association between phthalate ERS from
adENET and SGA was not statistically significant for either fetal
sex, but significant and inverse for ERS from ridge regression
among male fetuses (OR =0.63; 95% CI: 0.41, 0.97) and signifi-
cant and positive among female fetuses (OR=1.53; 95% CI:
1.05, 2.24). Phthalate ERS from adENET and ridge regression
were inversely associated with odds of LGA among female
fetuses (adENET OR=0.57, 95% CIL 0.37, 0.88; ridge
OR=0.61, 95% CI: 0.41, 0.93), whereas only MCPP was signifi-
cantly associated with LGA (OR =0.60; 95% CI: 0.38, 0.93) in
single pollutant analyses. Neither phthalate ERS nor any individ-
ual metabolites were associated with LGA among male fetuses.
Both fetal sexes displayed a reduction in gestational age (male
B=—0.39 wk, 95% CI. —0.62, —0.15; female = —0.29 wk,
95% CI: —0.52, —0.05) with increasing phthalate ERS from
adENET, and results for ERS from ridge regression were similar
in magnitude but further from the null in significance (male
B=—0.42 wk, 95% CI. —0.63, —0.21; female = —0.39 wk,
95% CI. —0.63, —0.14). In accordance with results for SGA and
LGA, increases in phthalate ERS from ridge regression were
associated with reduced birth weight z-score among female
fetuses (B= —0.18; 95% CI: —0.32, —0.04) and increased birth
weight z-score among male fetuses (= 0.16; 95% CIL: 0.03,
0.29). Results for ERS from adENET were similar but less signif-
icant (female B= —0.12, 95% CI. —0.25, 0.01; male $=0.13,
95% CI: 0.01, 0.25). Effect sizes for ERS among males and
females were greater in magnitude and/or significance than any
individual averaged phthalate metabolite associations for both
gestational age at birth and birth weight z-score.

Associations between birth outcomes and visit-specific
phthalate ERS are shown in Figure 4A for female fetuses and
Figure 4B for male fetuses (corresponding effect estimates and
95% CI can be found in Tables S9 and S10). Among female
fetuses, associations between phthalate ERS from adENET and
preterm birth and gestational age were strongest at visit 2 (PTB
OR =4.57, 95% CI. 2.03, 10.3; gestational age = —0.60, 95%
CI: —1.00, —0.20). Results were similar for ERS from ridge
regression and strongest at the second study visit (PTB
OR=5.93, 95% CI: 2.46, 14.3; gestational age B= —0.61, 95%
CI: —1.01, —0.21). The estimated effects with increasing ERS
were stronger than those for individual phthalates; visit 2 MHBP
was associated with 2.23 times greater odds of preterm birth
(95% CI: 1.19, 4.19), and none of the visit 2 phthalates were asso-
ciated with reductions in gestational age at birth. ERS from both
adENET and ridge regression among male fetuses were all simi-
larly associated with increased odds of preterm birth and reduc-
tions in gestational age at birth at each study visit. Phthalate ERS
at visit 2 among male fetuses did, however, show a stronger asso-
ciation with spontaneous preterm birth (adENET OR =3.45, 95%
CIL: 1.68, 7.07; ridge OR=3.89, 95% CI: 1.83, 8.25) than the
ERS at the other study visits. This effect was the stronger than
any effects with individual metabolites at visit 2, the strongest of
which was MHiBP (OR =2.28; 95% CI: 1.26, 4.11). Increased
odds of having an SGA female and decreased odds of having an
SGA male were marginally significant and did not differ appreci-
ably between study visits. Accordingly, decreased odds of having
an LGA female and increased odds of having an LGA male were
similar across study visits and most significant and visit 2. Birth
weight z-score was most significantly associated with ERS from
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ridge regression at visit 3 among both female (= —0.22; 95%
CI: —0.39, —0.04) and male fetuses (= 0.30; 95% CI: 0.13,
0.47). Results from adENET were similar in magnitude but less
significant than those from ridge.

BKMR

BKMR analysis was employed to investigate nonlinearity and
interactions between gestational average phthalate metabolites
selected in adENET as being predictive of adverse birth out-
comes. The metabolites included in BKMR for each birth out-
come by fetal sex, and their respective posterior inclusion
probabilities, are shown in Table S11. Bivariate plots were used
to assess linearity and interactions between phthalate metabolites
(all bivariate plots can be found in Figure S2). From bivariate
plots, the shape of the lines indicates the shape of the association
between phthalate metabolites and outcomes, so a straight line
would indicate a linear association. An interaction between
metabolites is demonstrated when the shape of the association
with a given outcome for one metabolite changes with varying
quantiles of exposure to another phthalate. Among women carry-
ing a female fetus, we did not observe interactions between
metabolites for any birth outcomes assessed. Though most rela-
tionships were linear, we did observe some nonlinear associa-
tions. MCPP displayed a nonlinear relationship with odds of
spontaneous PTB that was null at low concentrations and positive
at high concentrations (Figure 5A). Additionally, MBP and
MHBP displayed inverted U-shaped associations with gestational
age at birth (Figure 5B). Among women carrying a male fetus,
we also observed a small number of nonlinear relationships. The
association between MBzP and SGA was U-shaped at low to
moderate concentrations of MBzP but became positive at higher
concentrations of MBzP (Figure 6A). A similarly shaped associa-
tion was observed between MEHHP and LGA (Figure 6B). Birth
weight z-score was the only birth outcome for which we observed
any interactions between phthalate metabolites (Figure 6C). The
association between MEP and birth weight z-score largely
depended on concentrations of MBzP; inverse linear associations
were observed with concentrations of MBzP at the 25th and 50th
percentile, whereas positive linear associations were observed
with concentrations of MBzP at the 75th and 90th percentile.
MBzP displayed an inverted U-shaped association with birth
weight z-score that did not depend heavily on concentrations of
MEP.

Discussion

In this study, we explored the associations between exposure to a
mixture of phthalates and adverse birth outcomes and how those
associations may differ between fetal sexes. Various metabolites
stood out as being predictive of adverse birth outcomes, including
those from DDP, DBP, and DiBP parent compounds, and differ-
ences by fetal sex were apparent. Increased exposure to the mix-
ture of phthalate metabolites, given by ERS derived using
metabolite weights from adaptive elastic net and ridge regression,
was associated with increased risk of preterm and spontaneous
preterm birth and reduced gestational age at birth among all preg-
nancies, increased odds of having small female babies, and
increased odds of having large male babies. Visit-specific analy-
ses suggested that exposure at the second study visit, occurring
around 22 wk (range 20-24 wk), may be driving some of our
observed associations. Last, BKMR analyses revealed that sev-
eral associations were nonlinear, with low-vs. high-level expo-
sure conferring differential risk for preterm birth, and that
interactions between phthalate metabolites may have a significant
effect on birth weight.
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Figure 4. Associations (points) and 95% CI (bars) from linear/logistic regression between an interquartile range increase in visit-specific phthalate ERS, among
(A) female, and (B) male fetuses, derived from adENET (left panels) and ridge regression (right panels) in the PROTECT cohort. Change in gestational age is
presented in weeks. Solid vertical lines indicate the null values. All models adjust for maternal age and education, and birth weight models additionally adjust
for maternal prepregnancy BMI. Corresponding numeric data can be found in Tables S9 (females) and S10 (males). Note: BMI, body mass index; CI, confi-
dence interval; ERS, environmental risk scores.

This work builds on a previous analysis in which associa- Though results in that study combined all pregnancies and thus
tions between single phthalate metabolites and preterm birth, cannot be directly compared to the present sex-stratified results,
spontaneous preterm birth, and gestational age at birth were most findings were consistent. In that study, the greatest risk of

assessed among a similar cohort of PROTECT women.>" delivering preterm was observed with increasing average
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Figure 5. Exposure response function using Bayesian kernel machine regression among women carrying a female fetus in the PROTECT cohort. (A)
Spontaneous preterm birth response as a function of MCPP conditional on differing quantiles of MHiBP (left) or MHiBP conditional on differing quantiles of
MCPP (right), while fixing the rest of the mixture at its 50th percentile. (B) Gestational age at birth response as a function of MBP conditional on differing
quantiles of MHBP (left) or MHBP conditional on differing quantiles of MBP (right), while fixing the rest of the mixture at its 50th percentile. Note: MBP,
mono-n-butyl phthalate; MCPP, mono(3-carboxypropyl) phthalate; MHBP, monohydroxybutyl phthalate; MHiBP, monohydroxyisobutyl phthalate.

concentrations of MBP, MiBP, and MHBP. We also observed
selection of MBP and MHBP for preterm birth, but only among
mothers carrying a female fetus. The aforementioned study also
found MiBP and MHiBP to be associated with spontaneous pre-
term birth and that those effect estimates were larger in magni-
tude than those observed for all preterm births combined. An
interesting finding was that we also observed stronger selection
for MiBP and MHiBP with spontaneous preterm birth, but only
among women carrying a male. We additionally observed
strong selection of MCNP for spontaneous preterm birth among
only mothers carrying a male; however, MCNP was not signifi-
cantly associated with any birth outcomes in the previous analy-
sis. Using a similar source population and distinct statistical
methods, our results substantiate previous findings that phthal-
ate exposures at the second study visit were most important for
driving associations and that metabolites of DDP, DBP, and
DiBP may be particularly important for predicting risk of
adverse birth outcomes. In addition, the present study adds new
evidence that effects of these phthalate metabolites on birth out-
comes differ between fetal sexes.
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Another previous study used various statistical techniques,
distinct from the adaptive elastic net and ridge regression meth-
ods used in the present study, to assess phthalate mixture associa-
tions with preterm birth and gestational age at delivery in the
LIFECODES pregnancy cohort in Boston, Massachusetts.*®
Although each method resulted in different selections of predic-
tive metabolites, average MECPP and MBP were generally found
to be positively predictive of delivering preterm, and average
MiBP was generally found as inversely predictive of delivering
preterm. We also observed positive selection of MBP for preterm
birth among women carrying a female, but we did not find
MECPP to be predictive of any birth outcomes, nor did we
observe inverse associations between preterm birth and MiBP.
Lack of fetal sex stratification, plus differing methods for assess-
ing phthalate mixtures and for dealing with issues of multicolli-
nearity, likely led to differing results between studies.
Additionally, phthalate exposure profiles have been shown to be
associated with socioeconomic status (SES),*® for which covari-
ate adjustment differs substantially between the LIFECODES and
PROTECT cohorts. Thus, differences in SES and how it is
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Figure 6. Exposure response function using Bayesian kernel machine regression among women carrying a male fetus in the PROTECT cohort. (A) SGA
response as a function of MBzP conditional on differing quantiles of MEHP (left) or MEHP conditional on differing quantiles of MBzP (right), while fixing
the rest of the mixture at its 50th percentile. (B) LGA response as a function of MBP conditional on differing quantiles of MEHHP (left) or MEHHP condi-
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conditional on differing quantiles of MEP (left) or MEP conditional on differing quantiles of MBzP (right), while fixing the rest of the mixture at its 50th per-
centile. Note: LGA, large for gestational age; MBP, mono-n-butyl phthalate; MBzP, monobenzyl phthalate monobutyl phthalate (minor); MEHHP, mono(2-
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assessed in the LIFECODES cohort relative to PROTECT could
also be contributing to differing results.

One previous study used elastic net to assess phthalates, alon%
with other environmental pollutants, in relation to birth weight.”
Those researchers observed that MEHHP was inversely predic-
tive of birth weight, which did not agree with results from the
present study. We did observe weak selection of MEHHP as hav-
ing a positive association with risk of LGA when measured at the
first study visit among female fetuses, which contradicts the
results of the previous study. However, Lenters et al. did not
stratify their analyses by fetal sex, and thus their results cannot
be directly compared with ours. Another possible source of dif-
fering results is that the former study measured phthalate metabo-
lites in serum instead of urine, which presents a major limitation
of that study because urine has been established as the best matrix
for phthalate measurement due to very short half-lives in blood.*’
Additionally, the panel of phthalate metabolites measured in the
previous study does not overlap well with our study and impor-
tantly did not include metabolites of DBP or DiBP, which were
found to be important in the present study. Because elastic net
selections are conditional on other predictors put into the model,
selection of differing final sets of predictors is not surprising.
Finally, the former study was conducted in various European
countries that presented a much lower preterm birth rate (3.84%)
than that of Puerto Rico and that warranted differential covariate
adjustment than that in the present study.

Most of the current toxicology literature focuses on DEHP
exposures and effects on male reproductive outcomes, so there is
little knowledge of the physiological pathways on which DBP
and DiBP may act to adversely affect pregnancy outcomes.
However, various epidemiology studies have shown significant
associations between metabolites of DBP and DiBP and endoge-
nous biomarkers that may serve as mediators on the causal path-
way between phthalate exposure and preterm birth. MBP and
MHBP have both shown positive associations with thyroid hor-
mones [free thyroxine (fT4) and total triiodothyronine (T3)],21
possibly via alteration of thyroid hormone transcription*®** or re-
ceptor antagonistic activity.’>>! These thyroid hormones have
also shown positive associations with odds of preterm birth,”>>?
which may occur through direct action on the placenta for trans-
fer of maternal thyroid hormones™ or promotion of fetal growth
and development.”

Phthalates may also exert their effects on timing of delivery
via oxidative stress or inflammatory pathways. Previous research
has shown positive associations between phthalate metabolites,
including MBP and MHBP, and biomarkers of oxidative stress
and inflammation.>>%7 These pathways are particularly impor-
tant when considering the spontaneous subtype of preterm birth,
which can be characterized as having an inflammatory uterine
environment.*® Oxidative stress and inflammation are tightly
linked, and therefore elevated levels of phthalate exposure could
lead to an increase in inflammation in the maternal—fetal environ-
ment and subsequent early initiation of labor.”®

The present study was subject to various limitations.
Despite having phthalate measurements repeated at up to three
time points during pregnancy, metabolite measurements have
been shown to have significant within-individual variability
over time,>* and so three measurements may not be sufficient to
ascertain true exposure levels during pregnancy. Further, we
did not assess exposure at critical developmental windows early
or late in pregnancy, at which times phthalate exposure may
exert differential effects on pregnancy outcomes. Replacing
phthalate concentrations measured below the LOD by the LOD
divided by the square root of 2 reduces the variance of exposure
data and leads to lower p-values. We observed the greatest
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proportion of concentrations below the LOD for MEHP,
MCPP, and MHBP, but these were all measured above the
LOD in at least 80% of samples, and so the reduction in var-
iance was minimal. Our study methodology involved excluding
women with preexisting conditions, which may reduce the gen-
eralizability of our results. However, exclusion of those with
preexisting conditions does allow us to home in on the associa-
tions between health effects and our exposures of interest more
precisely. Relative to studies assessing phthalate exposures and
birth outcomes in other cohorts, we adjusted final statistical
models for a small number of potential confounders. However,
all available markers of SES (education level, employment sta-
tus, and annual household income) were assessed for associa-
tions with exposures and outcomes, and our final set of
covariates (maternal age, education, and prepregnancy BMI)
are consistent with previous research conducted in the
PROTECT cohort. Finally, because the data set used to create
the ERS was same the same as that used to obtain final effect
estimates for associations between ERS and birth outcomes, it
is possible that our models are overfit and thus produced effect
estimates that were biased away from the null. However,
adENET was still used as our primary method because of its
variable selection utility and ability to handle large covariate
spaces, whereas BKMR, in contrast, tends to have difficulty
modeling a large number of predictors.42

Despite these limitations, this study was also strong in various
ways. First, this is one of few studies, and the largest, to assess
phthalate mixtures in relation to birth outcomes. We are also the
first to investigate differences in phthalate mixture associations
between male and female pregnancies. To our knowledge, there
is currently no epidemiological evidence to support a mechanism
for these fetal sex differences, but the toxicology literature shows
in vitro evidence of greater pro-inflammatory responses by male
fetal cells vs. greater anti-inflammatory responses from female
fetal cells.>’ Additionally, using a phthalate ERS as the exposure
measure instead of individual phthalate metabolites reduces
the potential for bias due to correlation between metabolites and
also reduces the potential for confounding by one metabolite on
observed associations for another. Further, this method of expo-
sure assessment also allows for risk assessment and ascertain-
ment of the biological pathways implicated with exposure to a
whole class of environmental contaminants. Finally, we present
associations for the spontaneous subtype of preterm birth, which
has not been deeply studied in the past and is likely to represent a
more etiologically homogenous group that also reduces outcome
misclassification.

In conclusion, this study provided evidence that exposure to a
mixture of phthalates may increase the risk of early delivery.
This work adds to existing data showing that metabolites of DBP
and DiBP, which are low molecular weight phthalates found in
personal care products and many other sources, are of particular
importance for predicting adverse birth outcomes in Puerto Rico
and underscores the importance of policy regulations that aim to
provide safer personal care products to consumers. Further, we
have contributed evidence that phthalate exposure affects male
and female pregnancies differently, particularly in relation to
birth size, which had not been sufficiently explored in previous
epidemiology research. Finally, we showed that some phthalate
metabolites were differentially associated with birth outcomes
when exposures were high vs. low, which is important for future
studies hoping to use environmental exposure data for predicting
pregnancies that are at risk for adverse birth outcomes. Future
work will aim to explore the biological pathways, including en-
docrine disruption and oxidative stress, which could mediate our
observed associations.
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